There is currently much interest in the physiological actions of fluoride ions on bacterial cells, primarily because fluorides are effective anticaries agents, and it is felt that at least part of their effectiveness may be due to the direct inhibition of the metabolism of plaque bacteria (7) . For example, enolase (EC 4.2.1.11) is relatively susceptible to the inhibitory action of fluoride, and Kanapka and Hamilton (6) presented evidence to indicate that 2.4 mM NaF can inhibit the enzyme in intact, growing cells of Streptococcus salivarius. They found that there was a decline in intracellular levels of phosphoenolpyruvate and pyruvate in fluoridetreated cells and a rise in 2-phosphoglycerate. The decline in phosphoenolpyruvate was associated with the reduced uptake of glucose by the phosphotransferase system and an overall slowing of glycolysis. Fluoride ions are known to interfere with a number of other processes in bacteria, for example, cation translocation (9) , polysaccharide storage (5) , and extracellular polysaccharide synthesis (1) ; in fact, fluoride is inhibitory for many enzymes besides enolase (18) , and therefore a multiplicity of physiological effects would be expected.
Since fluoride can reduce phosphoenolpyruvate supply in intact cells, we felt that it might also inhibit peptidoglycan synthesis, specifically in the formation of uridine 5'-diphosphate (UDP)-N-acetylglucosamine-3-enol-pyruvyl ether from UDP-N-acetylglucosamine and phosphoenolpyruvate. In experiments designed to test this hypothesis, we were surprised to find that some bacteria responded to fluoride in growth media by undergoing massive lysis. Our initial characterization of the lytic phenomenon is described in this paper.
MATERIALS AND METHODS
Bacteria and growth conditions. Bacillus subtilis BR151 was obtained from G. Wilson of the University of Rochester. Strains AHT, BHT, LM-7, and SL-1 ofStreptococcus mutans were obtained from R. Herbison of the Eastman Dental Center in Rochester, N.Y.; strain GS-5 was obtained from G. D. Shockman of Temple University. Bacterionema matruchotti was obtained from M. Gilmour of the Eastman Dental Center. Neisseria subflava was from our own culture collection, and all other bacteria used were standard strains.
Lytic (LYT) coccus was isolated during this investigation as a contaminant in a culture of S. mutans. To date, we have not identified it in terms of genus and species. It is particularly useful because it has a highly active autolytic system and undergoes fluoride-induced bacteriolysis. It occurs as single cells, pairs, or short chains. It is facultatively anaerobic, gram positive, oxidase negative, strongly catalase positive, and very weakly hemolytic on sheep blood agar. It produces acid but no gas 340 LESHER, BENDER, AND MARQUIS from sucrose, mannitol, glucose, trehalose, and xylose, but not from sorbitol, raffinose, lactose, galactose, or ribose.
All bacteria were routinely grown at 37°C in the tryptone-glucose-Marmite medium (TGM) described previously (11) , except for N. subflava which was grown with gentle shaking in a medium containing 2.5% (wt/vol) brain heart infusion (Difco), 0.3% yeast extract (Difco), and 2% glucose. The absorbance or turbidity of cultures was assessed by use of a Beckman model DU spectrophotometer set for light of 700-nm wavelength and with 1-cm light path cuvettes.
For some experiments, bacteria were grown in pellet cultures, as described previously (10) . For these cultures, tubes of medium are inoculated and immediately centrifuged to pellet the inoculum bacteria, which were then allowed to grow in the pellets with intermittent centrifugation. For sampling, cells were resuspended by use of a Vortex mixer; a sample was withdrawn, and the culture was immediately centrifuged.
Cell fractionation. Cell walls were isolated by standard techniques, which involved the breakage of cells with sonic treatment and then differential centrifugation. The purity of wall preparations was assessed by phase microscopy, by light-scattering analysis, and by the determination of the reactivity of the preparations with the Folin reagent (3).
Peptidoglycans were isolated from whole cells or from isolated walls by means of the Park-Hancock fractionation technique (13) , which involves initial cold 5% trichloroacetic acid treatment, followed by ethanol extraction, hot (90°C for 6 min) trichloroacetic acid extraction, and trypsin digestion. The fractionation was designed to yield a residue of pure peptidoglycan. Accessory wall polymers such as teichoic acids or proteins are usually removed during fractionation. The residues we obtained were devoid of proteins or nucleic acids as indicated by absorption-scattering curves and by essentially nil reactivity with the Folin (8) and orcinol (3) reagents. Acidhydrolyzed residues yielded less than 0.02% (by weight) inorganic phosphate, and, therefore, teichoic acids must have been lost during fractionation. The residues could be solubilized with lysozyme.
Labeling experiments. Peptidoglycans could be radioactively labeled with D-[1-14C]glucosamine (ICN Inc., Irvine, Calif.) added to growth media-to yield a level of 0.05 j.Ci/ml. The specific activity of the added compound was 58.2 mCi/mmol. Media used for labeling were: brain heart infusion for N. subflava, the defined, minimal medium of White et al. (17) for S. mutans, and Spizizen (16) minimal medium for B. subtilis. When tritiated lysine (ICN, Inc.; 8 Ci/mmol) was used to label the peptidoglycan of cells, it was incorporated into the growth medium at an activity of 0.1 jACi/ml. Five percent inocula from stationary-phase cultures were used, and the cells were allowed to grow for 24 h before harvest to allow for maximal label incorporation. After harvest, the cells were washed twice with deionized water and suspended in water. The total radioactivity was determined by pipetting 0.1 ml of suspension ANTIMIcRoB. AGENTs CHEMOTHER. into 10 ml of Aquasol scintillation fluid (New England Nuclear, Boston, Mass.) and then placing the mixtures in a Beckman model LS-233 counter. Part of the initial cell suspension was dried in a vacuum oven to constant weight for an estimate of cell dry weight.
The fraction of the total incorporated label that was in peptidoglycan was estimated by fractionating whole cells by the Park-Hancock procedure and then comparing the radioactivity of the residue with that of whole cells.
For turnover experiments, washed labeled cells were used to inoculate fresh media. Generally, about 5 mg (wet weight) of cells was used to inoculate 100 ml of medium. The cells were allowed to grow for up to 24 h at 37°C, harvested, washed, and suspended in water, and their radioactivity was assayed. The cells were then fractionated by means of the Park-Hancock procedure to assess the loss of label from peptidoglycan. Mass doublings for the cultures were estimated from plots of optical density versus time.
RESULTS
The growth curves shown in Fig. 1 for B. subtilis BR151 in media with 0, 1, 5, or 10 mM NaF are similar to ones obtained for N.
subflava or LYT coccus. They show that 1 mM NaF had little effect on growth, whereas 5 or 10 mM fluoride significantly reduced both the rate of growth and the culture yield, expressed here in terms of absorbance. However, the most dramatic effect shown in Fig. 1 B. suhtilis and LYT coccus were less susceptible to fluoride when grown with agitationaeration on a rotary shaker, and fluoride concentrations as high as 50 mM were required to reduce the growth yield by approximately 50%. The lytic response also was diminished in aerated cultures; for example, even after 120 h of incubation, the optical densities of LYT coccus cultures with 20 mM NaF were still nearly 50% of the maximal value. B. subtilis cultures showed less lysis, and final optical densities were about 90% of the maximal values for aerated cultures with 50 mM NaF. The higher pH of aerated cultures seemed important here, and it was possible to increase fluoride resistance in static or pellet cultures of B. subtilis or LYT coccus simply by maintaining the pH above 7 with intermittent base addition.
N. subflava behaved differently under agitation-aeration conditions. Growth could be significantly inhibited by 5 or 10 mM NaF. The mass doubling time of 1.7 h in medium without fluoride was increased to 2.4 h in the presence of 5 mM NaF and 4.2 h with 10 mM NaF. Maximum optical densities were reduced by 41 and 85%, respectively, and massive lysis followed shortly after maximum growth was attained.
Autolysis and fluoride-induced lysis. The particular organisms that proved to be susceptible to fluoride-induced lysis suggested to us that autolysins might be involved in the phenomenon. Certainly, B. subtilis BR151 is known to have a highly active autolytic system, and Fig. 2 6 , and cells grown in the presence of 10 mM NaF were significantly more liable to lysis at pH 5 or 6 than were cells grown in fluoride-free medium. The addition of fluoride to the buffered suspensions had no effect on lysis. N. subflava also had an active autolytic system, and washed cells previously grown in the presence of 10 mM NaF underwent 61% lysis during 10 h of incubation in 0.02 M sodium phosphate Fig. 3 , the effects of 0.01 to 0.10 ,ug of penicillin G per ml on LYT coccus can be compared with the effects of 5 or 10 mM NaF. Both agents cause lysis after growth. With penicillin, growth inhibitory and lytic effects were more closely associated, and it was difficult to obtain nearly full growth followed by nearly complete lysis. Presumably, the specific biochemical targets of the two agents differ, and penicillin G was about 10,000 times more potent than F-on a molar basis. However, both are lytic and bactericidal. Penicillin-induced lysis occurred somewhat more rapidly than did fluoride-induced lysis; both occurred optimally at a pH of approximately 6 . Peptidoglycan content of fluoride-treated cells. Enhanced murolytic activity or direct inhibition of peptidoglycan synthesis by fluoride action should result in cells that are deficient in peptidoglycan content. Table 2 indicates that cells of a variety of bacteria have less peptidoglycan (Park-Hancock residue) per unit of cell weight when grown in media supplemented with 5 mM NaF than when grown in unsupplemented media. This reduction is apparent even with organisms than do not undergo lysis. In view of the rather substantial reductions in peptidoglycan contents ofbacteria grown in the presence of fluoride, we were surprised to find that fluoride had no inhibitory effect, but a stimulatory effect, on the incorporation of labeled precursors into Park-Hancock residues. Typical data are shown in Table 3 , where it is apparent that the incorporation of tritiated lysine into Park-Hancock residues of growing cells of N. subflava or S. mutans was stimulated by 5 mM NaF. Similar results were obtained when glucosamine was used for labeling. Loss of label from Park-Hancock residues. Since fluoride enhances autolytic activity, it seemed that it might also increase the turnover of cell wall polymers that would be reflected in the loss of label from cells that had previously incorporated radioactive substrates into wall polymers. Table 4 shows that fluoride does increase the turnover or loss of label from ParkHancock residues of cells that had been grown in the presence of [14C]glucosamine. These losses, which were apparent also when whole cells instead of residues were assayed, are presumably due to the enhanced turnover of peptidoglycan.
S. mutans has been found by Shockman et al. (15) greater susceptibility of autolysins. Presumably, the inhibition of fluoride-induced lysis by salts is due to the displacement of autolysins from the wall by the salts (14) , but other electrophysiological effects may be involved.
The role of the responses described here in the anticaries activity of fluoride is an open question. Fluoride levels in saliva tend to be rather low, about 0.005 mM, even in areas with fluoridated water supplies. However, fluoride is concentrated by dental plaque. Dawes et al. (4) measured average fluoride levels of 47 ppm, or 2.5 ,umol/g (wet weight), for plaque samples from people living in areas with fluoridation of the water supply. Individual plaque samples were foundito contain as much as 170 ppm, or 8.9 ,umol/g. Recently, a dramatic success in caries reduction has been achieved with topically applied fluorides, especially in xerostomia patients who have reduced saliva production and normally have rampant caries (2) . Acidulated fluoride gels or fluoride mouth washes commonly contain as much as 1 M fluoride, and, therefore, plaque bacteria are exposed to very high levels of fluoride for relatively short periods oftime. Longer-acting, slow-release fluoride preparations are currently being developed (12) , and their use should result in prolonged high levels of fluoride in plaque. In all, it seems that the inhibitory effects of fluoride for plaque bacteria involve the autolytic loss of peptidoglycan, and this loss may well render the bacteria more susceptible to other inhibitory agents, either natural ones in saliva or therapeutically imposed ones. Perhaps the most effective anticaries regimen will involve fluoride combined with some other agents that affected bacterial surface structures.
